Abstract The characteristic remanent magnetization (ChRM) isolated from Paleogene carbonate rocks of the Zongpu Formation in Gamba (28.3°N, 88.5°E) of southern Tibet has previously been interpreted to be primary. These data are pertinent for estimating the width of Greater India and dating the initiation of India-Asia collision. We have reanalyzed the published ChRM directions and completed thorough rock magnetic tests and petrographic observations on specimens collected throughout the previously investigated sections. Negative nonparametric fold tests demonstrate that the ChRM has a synfolding or postfolding origin. Rock magnetic analyses reveal that the dominant magnetic carrier is magnetite. "Wasp-waisted" hysteresis loops, suppressed Verwey transitions, high frequency-dependent in-phase magnetic susceptibility, and evidence that >70% of the ferrimagnetic material is superparamagnetic at room temperature are consistent with the rock-magnetic fingerprint of remagnetized carbonate rocks. Scanning electron microscopy observations and energy-dispersive X-ray spectrometry analysis confirm that magnetite grains are authigenic. In summary, the carbonate rocks of the Zongpu Formation in Gamba have been chemically remagnetized. Thus, the early Paleogene latitude of the Tibetan Himalaya and size of Greater India have yet to be determined and the initiation of collision cannot yet be precisely dated by paleomagnetism. If collision began at 59 ± 1 Ma at~19°N, as suggested by sedimentary records and paleomagnetic data from the Lhasa terrane, then a huge Greater India, as large as~3500-3800 km, is required in the early Paleogene. This size, in sharp contrast to the few hundred kilometers estimated for the Early Cretaceous, implies an ever greater need for extension within Greater India during the Cretaceous.
Introduction
Quantitative paleogeographic reconstruction of the India-Asia collision zone relies on high-quality paleomagnetic poles for both Asia-and India-derived rocks. Uncertainties in the timing, kinematics, and magnitude of crustal deformation in the Himalayas and Asia limit our ability to quantify the paleolatitude history of the southern margin of Asia (Lhasa terrane) and the northern margin of India (Tibetan Himalaya) from a global apparent polar wander path (GAPWaP) alone. Paleomagnetic data from Lhasa and the Himalaya are therefore required to better quantify the precollisional paleogeography. Paleomagnetic data from Lower Cretaceous strata of the Tibetan Himalaya show insignificant paleolatitudinal separation between the Tibetan Himalaya and the modern northern limit of the undeformed Indian continent (i.e., at the Main Frontal Thrust of the Himalaya) and thus indicate a small size of "Greater" India [Klootwijk and Bingham, 1980; Huang et al., 2015c; Yang et al., 2015; Ma et al., 2016] . Paleomagnetic data from uppermost Cretaceous and Paleogene strata, however, show a paleolatitudinal separation of Tibetan Himalaya from India of some 2675 ± 700 km (N-S) or a very large Greater India [Patzelt et al., 1996; Dupont-Nivet et al., 2010; Yi et al., 2011] . Taken together, these paleomagnetic observations suggest that the Tibetan Himalaya may have rifted and drifted away from India during the Cretaceous [van Hinsbergen et al., 2012] .which the latitude of the Lhasa continental block of southernmost Asia overlaps with the latitude of the Tibetan Himalaya, yield collision ages not older than~52-50 Ma [Dupont-Nivet et al., 2010; Najman et al., 2010; Huang et al., 2013 Huang et al., , 2015b Lippert et al., 2014; Hu et al., 2016] . Geologic records, however, show that Asian-derived detritus was first deposited in Tibetan Himalaya strata as early as 59 ± 1 Ma [DeCelles et al., 2014; Hu et al., 2015 Hu et al., , 2016 , during which a time interval about 1000-1600 km of India-Asia convergence occurred. Current paleomagnetic and stratigraphic constraints are thus incompatible, and the discrepancy invites a critical reappraisal of the reliability of both data sets. An accurate and precise collision age is required to calculate the magnitude of postcollisional convergence between the two continents, which, in turn, is the starting point for understanding how and where strain is partitioned into the lithospheric shortening and subduction at convergent margins.
Paleomagnetic data acquired from Lower Cretaceous lavas and volcaniclastic sandstones of the Tibetan Himalaya have averaged geomagnetic paleosecular variation, show no evidence for inclination shallowing, cannot be explained by even a hypothetical remagnetization, are reproducible, and are therefore considered reliable and robust [Klootwijk and Bingham, 1980; Huang et al., 2015c; Yang et al., 2015; Ma et al., 2016] . Latest Cretaceous and Paleogene paleomagnetic poles have been determined from carbonate rocks of the Zongshan Formation and Zongpu Formation (62-52 Ma) exposed in the Gamba area of southern Tibet ( Figure 1 ) [Patzelt et al., 1996; Yi et al., 2011; Li et al., 2015] . Unlike detrital rocks, which can be strongly affected by inclination shallowing, carbonate rocks are less prone to compaction and are considered immune from inclination shallowing. They are, however, notorious for experiencing widespread remagnetization induced by enhanced temperature, chemical alteration, or secondary mineral growth [e.g., Appel et al., 2012; Dekkers, 2012; Elmore et al., 2012; Jackson and Swanson-Hysell, 2012] . For instance, pervasive remagnetization has been demonstrated for Jurassic and Paleogene carbonate rocks of the Tibetan Himalaya exposed in the Tingri area (~190 km west of Gamba; Figure 1a ) [e.g., Besse et al., 1984; Liebke et al., 2013; Huang et al., 2015c] . We therefore use an extensive suite of rock magnetic and petrographic tools for fingerprinting remagnetization to critically reassess the reliability of the interpreted characteristic remanent magnetization (ChRM) directions of the Paleogene Zongpu carbonate rocks in the Gamba area. We reanalyze the reported paleomagnetic data by applying nonparametric fold tests and comparing the bedding attitudes, ChRM directions and polarities, and lithologies of the four carbonate members of the Zongpu Formation. We then apply high-temperature thermomagnetic experiments; room temperature hysteresis measurements; and lowtemperature hysteresis, susceptibility, and remanence tests. Finally, we use energy-dispersive X-ray spectrometry (EDS) and scanning electron microscopy (SEM) to chemically and visually characterize the magnetic minerals and their morphology. With this information, we reevaluate whether or not the ChRMs isolated from the Zongpu carbonate rocks are primary. We describe a mechanism for the remanence acquisition and its timing, and we also discuss the implications of our findings for quantifying the size of Greater India, as well as the timing of initiation of the India-Asia collision.
Geologic Background and Sampling
The Paleogene Tibetan Himalayan sedimentary successions were deposited onto the northern passive continental margin of the Indian plate ( Figure 1a ). They are particularly well exposed and studied near Gamba County, where they are subdivided from bottom to top into the Jidula, Zongpu, Enba, and Zhaguo formations (Figure 1b) [e.g., Li et al., 2015] . The Zongpu Formation (~350 m thick) conformably overlies the Indian platederived clastic rocks of the Jidula Formation and unconformably underlies the Asia-derived clastic rocks of the Enba Formation. It accumulated on a carbonate ramp and is biostratigraphically dated to late Danian to Ypresian [Li et al., 2015, and references therein] . It is divided into four members (I-IV). Member I (~195 m thick) is composed of thin-to medium-bedded yellowish-grey limestones and marly limestones with green algae and foraminifera; Members II (~80 m thick) and III (~40 m thick) mainly consist of dark grey nodular limestone and nodular marls, respectively. Member IV (~25 m thick) includes grey massive and thick-bedded limestones and has a grey, thick-bedded conglomerate with limestone clasts at the base, indicating a sedimentary hiatus and disconformable contact between Members III and IV (Figures 1c and 1d ) that corresponds with the Paleocene-Eocene boundary . carbonate rocks near the Duina village (~75 km southeast of Gamba County). We collected 34 carbonate hand samples from the four members of the Zongpu Formation exposed in sections 1 and 2 (Figure 1c) . Additionally, 11 samples from Members III and IV were also collected from section 3 to the east of sections 1 and 2 in Gamba (Figure 1d ). One quartzarenite specimen (12ZP01) was also collected from the Jidula Formation below the Zongpu carbonate rocks in section 1. These sections overlap with the main sampling section A of the Zongpu Formation presented in Yi et al. [2011] .
Reanalysis of the Paleomagnetic Results From the Zongpu Carbonate Rocks
In addition to their main sampling at section A of the Zongpu carbonate rocks, Yi et al. [2011] also collected samples from their section C near Tukson (~15 km southeast of Gamba County). Section C also contains Member I of the Zongpu Formation, but it has a different structural orientation from section A, making it possible to apply a regional fold test to constrain the timing of the remanence acquisition. Yi et al. [2011] reported a positive fold test, which has been used to argue that the Zongpu carbonate rocks at Gamba carry primary remanence. The variation in bedding attitude within Member I and Members II-IV, however, also provides the opportunity to assess the origin of the ChRMs by performing an incremental fold test. We performed the nonparametric fold test of Tauxe and Watson [1994] on directions from Member I and found that optimal data clustering is reached at À16% to 47% untilting (Figure 2a) . That is, the fold test is negative. A nonparametric fold test of ChRM directions from Members II to IV is also negative (Figure 2b) . Moreover, we evaluated the ChRM directions from Members I to IV combined. Before tilt correction, the ChRM directions of Member I and Members II-IV have a common true mean direction (CTMD) with a classification of "A" (Figures 2a and 2b ) [McFadden and Lowes, 1981; McFadden and McElhinny, 1990] . After tilt correction, however, the directions from Member I and Members II-IV show increased dispersion with the precision parameter k decreasing from 27.6 (in situ) to 22.7 (tilt corrected) (Figure 2c ). The nonparametric fold test is clearly negative, with best grouping reached at 9% to 41% untilting (Figure 2c ). In contrast to the positive fold test yielded from sections A and C, the fold tests applied to directions from just section A consistently yield negative results, implying that the ChRMs of the Zongpu carbonate rocks were acquired before the regional folding between sections A and C, but after the local folding of section A.
These field tests suggest that the ChRM directions observed in the Zongpu carbonate rocks in the Gamba area do not provide a faithful record of the geomagnetic field at the time of deposition. The magnetizations may instead have been acquired during multiphase folding of the Tibetan Himalaya strata, i.e., after initiation of the collision with Asia. Other lines of evidence previously used to argue for a primary origin of the remanence, including positive reversal tests, successful correlation to the geomagnetic polarity timescale (GPTS), and the apparent increase of ChRM inclination upsection (Figure 2d ), will be discussed below. First, we present the results from systematic rock magnetic analyses to determine the carrier(s) of the remanence and their grain size distribution. These rock magnetic properties can be used to test for fingerprint remagnetization of carbonate rocks independent of directional constraints.
Rock Magnetism
Rock magnetic analyses, including thermomagnetic experiments; room temperature hysteresis measurements; and low-temperature hysteresis, susceptibility, and remanence experiments, were conducted at the Institute for Rock Magnetism at the University of Minnesota and the Utah Paleomagnetic Center at the University of Utah.
Thermomagnetic Runs
High-temperature, low-field susceptibility experiments were performed on 13 specimens by using a KLY-2 KappaBridge AC susceptibility meter with an AC field of 300 A m À1 and a frequency of 920 Hz. Specimens were heated in air from room temperature up to 650°C, and then cooled down to room temperature. All specimens, except 12ZP05 and 13ZD46, are characterized by a slow decrease of susceptibility before 400°C followed by a large increase in susceptibility before 500°C ( Figure 3 ). This behavior is consistent with the formation of new magnetite by oxidation of pyrite [Zegers et al., 2003] . All of the specimens show a sharp decrease in magnetization with increasing temperature up to 580°C (Figure 3 ). The Curie temperatures were determined to be 560-580°C from the first derivative of the measured data; these temperatures are typical for magnetite [Dunlop and Ödemir, 1997] . Some specimens also show additional loss of susceptibility up to 650°C (Figures 3a-3c , 3e, and 3g), indicating the presence of hematite [Dunlop and Ödemir, 1997] . The cooling curves for most specimens show large increases in susceptibility ; this is caused by thermal alteration of pyrite and possibly other Fe-bearing minerals to magnetite during heating. We interpret this magnetic behavior to indicate the presence of magnetite and hematite in these specimens.
Room-Temperature Hysteresis Measurements
Hysteresis loops and backfield curves for 32 specimens were measured at room temperature by using a MicroMag Princeton Measurements vibrating sample magnetometer (VSM, nominal sensitivity of 5 × 10 À9 A m 2 ) to determine the saturation magnetization (M s ), the saturation remanent magnetization (M r ), coercivity force (B c ), and remanent coercivity (B cr ). Seven specimens were too weak to provide interpretable loop and backfield curves and were excluded from our data set (Table S1 in the supporting information). Hysteresis loops for the remaining 25 specimens are all "wasp-waisted" (Figures 4a-4l ), indicating the presence of two or more magnetic components with contrasting coercivities [Jackson, 1990; Roberts et al., 1995] [Dunlop, 2002] . The B c and B cr values for most specimens are low (Table S1 ), implying that the dominant magnetic carrier has a low coercivity. Most specimens are essentially saturated at 500 mT (Figures 4b-4e and 4j-4l); others show a slow approach to saturation and an irreversible magnetization in the field range of 0.5-1 T (Figures 4f-4i ), indicating minor contribution from magnetic mineral(s) with high coercivity. A few specimens are far from saturation at 1 T ( Figure 4a) ; the magnetic carriers of these specimens are probably a combination of ferrimagnetic and antiferromagnetic magnetic minerals, with low and high coercivities, respectively. These observations indicate that magnetite is the dominant contributor to the natural remanent magnetization (NRM) for most samples, and hematite, goethite, or both are minor contributors in some specimens. This is consistent with the results from the thermomagnetic experiments.
On a Day plot (Figure 4m ), most hysteresis data plot near the superparamagnetic (SP) + single domain (SD) mixing curves [Day et al., 1977; Dunlop, 2002] . The "wasp-waisted" shape of loops for a few specimens, such as 12ZP05 (Figure 4a ), may be caused by a coexistence of low-coercivity magnetite and high-coercivity hematite, goethite, or both. However, the low B c and B cr values indicate that the "wasp-waisted" loops for most specimens cannot be attributed to hard antiferromagnetic admixtures (Table S1 ). Instead, they are likely the result of the combination of SD and fine-grained SP magnetite within the specimens.
Low-Temperature Hysteresis, Remanence, and Susceptibility Experiments
Although a population of SP grains has no contribution to NRM, it is important for understanding the origin of the (presumably) cogenetic stable single domain (SSD) grain population if the SSD grains are the large grainsize end member of the secondary magnetite. The SSD part is obviously a carrier of a geologically stable NRM. Magnetic properties of magnetite change dramatically with variation in grain size and temperature [Néel, 1949; Dunlop and Ödemir, 1997] . To further characterize the properties of the SP and SSD magnetite, we applied the following low-temperature experiments.
Low-temperature hysteresis measurements were also conducted on the VSM. The hysteresis loops of two specimens (13ZB32 and 13ZD20) were measured at 20 K-300 K with a temperature interval of 10 K. Although the signal/noise ratio is far from ideal, some significant features can be resolved. With the decrease of temperatures from 300 K to 20 K, both specimens show large and progressive increases in M r and B c . The shape of the loops also transforms from "wasp-waisted" to "pot-bellied" (Figures 5a-5c and 5g-5i), indicating that the SP fraction becomes thermally stable SSD with decreasing temperature. Quantitative loop analysis shows that M s at 20 K is approximately two times greater than the room temperature value for 13ZB32 but only 0.4 times greater for 13ZD46 (Figures 5d and 5j and Tables S2 and S3 ). In 13ZB32 there appears to be an additional phase that magnetically orders at approximately 50 K; most of the increase in M s is because of that. The increase in M s from 300 K to 50 K is comparable to that for 13ZD46. The M r values increase much more significantly over that same temperature interval: roughly 200% for 13ZB32 and 400% for 13ZD46 (Figures 5e and 5k and Tables S2 and S3 ). B c and B cr values are noisy, but they define an increasing trend with decreasing temperature (Tables S2 and S3 ). The shape parameter σ defined by Fabian [2003] quantifies the gradual change of the loops from strongly wasp-waisted (σ > 0 at room temperature) to pot-bellied (σ < 0 at low temperature) (Figures 5f and 5l ). This transition occurs below 30 K for both specimens (Tables S2  and S3 ).
Low-temperature alternating current (AC) susceptibility experiments were run on a Quantum Design Magnetic Properties Measurement System (MPMS-5S). One specimen (12ZP59) was cooled in zero field to 20 K and then measured at several frequencies (1, 5.6, 31.6, 177.9, and 997.3 Hz) up to 300 K (Figure 6 ). At [Tauxe and Watson, 1994] using the ChRM directions of the Zongpu Formation from Yi et al. [2011] . Fold tests were applied separately to (a) Member I, (b) Members II-IV, and (c) Members I-IV of the Zongpu Formation. ChRM directions with normal polarity were all transferred to antipodal reversed polarities. Equal-area plots of the individual ChRM directions are displayed in (left) geographic coordinates and (middle) after 100% tilt correction. The decrease in k value indicates that the ChRM directions become more scattered after 100% tilt correction. (right) Bootstrapped statistics on the first eigenvalues (τ 1 ) show that best grouping in all the three fold tests is not reached at 100% untilting but at much lower values of tilting. (d) Equal-area plots of the individual ChRM directions of the Zongpu Formation from Yi et al. [2011] in (left) geographic and (right) stratigraphic coordinates. Note that ChRM directions with normal polarity plot very close to the direction of the present-day geomagnetic field (PDF) at the sampling locality, suggesting that these ChRMs might be a recent overprint. (e and f) Plot of the bedding attitude of Member I and Members II-IV strata of the Zongpu Formation. Note that the mean dip of Member I strata is~8°steeper than that of Members II-IV strata.
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room temperature, a relatively strong frequency dependence of susceptibility indicates the presence of a substantial population of grains with blocking temperatures near 300 K, which can be attributed to magnetite grains with diameters of 15-25 nm [Worm and Jackson, 1999; Jackson and Swanson-Hysell, 2012] . With decreasing temperature, the SP-SSD threshold shifts to smaller sizes and a strong frequency dependence of in-phase susceptibility (χ 0 ) can be observed down to 20 K (Figure 6a ), indicating a broad distribution of nanosized magnetite. The measured out-of-phase susceptibility (χ″) is indistinguishable from the calculated values of À(π/2) dχ 0 /d(ln(f)), where f is the frequency, defined by the Néel relation (Figure 6b ) [Néel, 1949] , implying that χ″ originates primarily in a thermal relaxation mechanism. Low-temperature remanence experiments were also run on the MPMS-5S. One specimen (12ZP230) underwent the field-cooled (FC) zero field-cooled (ZFC) low-temperature saturation isothermal remanent magnetization room temperature saturation isothermal remanent magnetization (RTSIRM) protocol, and 11 specimens underwent the more abbreviated sweep-cool-warm protocol. Low-temperature cooling of RTSIRM in all specimens shows a small change in magnetization associated with the Morin transition at approximately 225 K, indicating the minor presence of nanoparticle hematite [Özdemir et al., 2008] ( Figures 7a, 7b, 7d , and 7e). The broad maximum in cooling of RTSIRM around 50-150 K for some specimens (Figures 7a, 7b , and 7d) is probably caused by oxidized submicron magnetite [Özdemir and Dunlop, 2010] . The ZFC measurements show that more than 70% of remanence imposed isothermally by a 2.5 T field at 20 K is removed by warming to room temperature (Figures 7f-7j ). Both RTSIRM and ZFC measurements for all of the specimens show no indication of the Verwey transition. The RT-SIRM cooling and warming cycles for 12ZP230 nearly overlap with each other (Figure 7c ), whereas there is wide spread between ZFC and FC remanences, characteristic of goethite [e.g., Guyodo et al., 2003 ]. Calculation of the particle size distribution from ZFC curves by using the method of Worm and Jackson [1999] indicates a broad, unimodal size distribution of the SP particles with peaks at or below 10 À24 m 3 (10 nm in diameter) (Figures 7k-7o ). This is in good agreement with plotting of most hysteresis data along the SP-SD mixing curves in the Day plot (Figure 4m ) [Dunlop, 2002] .
In summary, rock magnetic analyses reveal that nonstoichiometric nanoparticle magnetite is the dominant magnetic mineral in most specimens, whereas hematite has a minor contribution to the remanence in some specimens. There are also a few specimens with a nontrivial amount of hematite as the magnetic carrier. Magnetite has a broad grain size distribution, but most of it is in the SP range. SP magnetite cannot carry a stable, ancient magnetization, but its relative abundance strongly suggests that the stable SD magnetite fraction in these rocks was also formed authigenically.
SEM Observation and EDS Analysis
To identify the textural relationships and diagenetic conditions of magnetic minerals that may further help evaluate the origin of the remanence, polished thin sections of 20 representative specimens from the Zongpu carbonate rocks were investigated on a Field Electron and Ion GEG-650 scanning electron microscopy (SEM), operated at 12 or 15 kV and 40-60 nA at the SEM lab at the Key Laboratory of Orogenic Belts and Crustal Evolution, School of Earth and Space Sciences, Peking University (Beijing, China). EDS analysis was subsequently conducted to obtain compositional information. It is worth noting that only coarse-grained magnetite can be observed, whereas nanosized SP magnetite is far beyond the resolution of SEM.
SEM observations indicate three different morphologies of magnetic minerals in these specimens (Figure 8 ). We interpret each of these phases to be magnetite based on the EDS analysis ( Figure S1 in the supporting information) and the rock magnetic results. Hematite was not observed in thin section. Iron sulfides with similar morphologies to magnetite but with brighter backscattered electron images are also detected (Figure 8 ). EDS analysis and thermomagnetic tests described in the previous section suggest that the iron sulfide is pyrite. One phase of magnetite is subeuhedral to euhedral with variable crystal sizes ranging from a few micrometers to 100 μm (Figures 8a, 8b , 8d, 8f-8i, 8q, 8r, and 8s). This population is the dominant form of magnetite in most specimens. A second phase is framboids aggregating up to 50 μm in diameter (Figures 8c, 8e , 8h, 8m, 8p, 8s, and 8t). The framboids occur in the calcite matrix (Figures 8e, 8o , 8s, and 8t) or in voids of the matrix (Figures 8c, 8h , 8m, and 8p). The third phase of magnetite coexists with pyrite in either a subeuhedral to euhedral (Figures 8j, 8k , 8n, and 8r) or framboidal morphology (Figures 8m and 8t) . Pyrite with all these three phases of magnetite is also observed (Figures 8d, 8j-8n , and 8t). Morphologies of these magnetite grains are not consistent with a detrital or biogenetic origin [e.g., Abrajevitch and Kodama, 2009; Chang et al., 2013] . Instead, it is more likely that some euhedral magnetite grains are late diagenetic minerals (Figure 8g ), whereas others are pseudomorphs after euhedral or framboidal pyrite that oxidized during a later phase of diagenesis [e.g., Suk et al., 1990] . The third phase of magnetite that coexists with pyrite probably indicates that the early diagenetic pyrite is partially oxidized, further supporting that most magnetite in the Zongpu carbonate rocks was formed by replacement of early diagenetic pyrite. In summary, SEM observation and EDS analysis suggest that the observed coarse-grained magnetite that carries the NRM in Zongpu carbonate rocks is authigenic.
6. Discussion
Does the Zongpu Formation in the Gamba Area Carry a Primary Remanence?
Compared to classic field tests, which provide only a relative constraint on the age of magnetization, rock magnetic characterization and petrographic observation are essential to evaluating the age and origin of the NRM [Jackson and Swanson-Hysell, 2012] . Remagnetization of carbonate rocks usually involves growth 
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of fine-grained magnetite, which is dominantly in the SP and SSD size range and has distinctive rock magnetic properties. These rock magnetic characteristics are commonly used as a "fingerprint" for diagnosing remagnetization. In the Day plot (Figure 4m ), most specimens from the Zongpu carbonate rocks plot near the SP-SD mixing line, which overlaps with the plotted region of remagnetized limestones but differs from the SD + MD (multidomain) region of limestones carrying primary remanence [Jackson and Swanson-Hysell, 2012 , and references therein]. The SP fraction of magnetite is further characterized by the low-temperature hysteresis, susceptibility, and remanence results, which show strong temperature dependence of the hysteresis parameters ( Figure 5 ), strong frequency dependence of in-phase susceptibility (Figure 6a ), and >70% of the ferromagnetic population smaller than the blocking volume of magnetite at room temperature (Figure 7) . Although the SP fraction is not the carrier of the ancient NRM, we suggest that it has the same origin as the SSD magnetite. Unlike pelagic carbonate rocks, which may have significant contributions from detrital or biogenetic magnetite that carries the primary remanence [e.g., Abrajevitch and Kodama, 2009; Chang et al., 2013] , the Zongpu carbonate rocks accumulated on a carbonate ramp with low clastic influx and high carbonate saturation . The low concentration of primary detrital magnetite is usually in pseudosingle domain MD size ranges, and these grains can be diminished in size to SP-SSD sizes by reductive dissolution during deposition and early diagenesis [e.g., Smirnov and Tarduno, 2001] . Given that marly limestones are common in the Zongpu Formation, it is also probable that the formation of the SP-SSD magnetite was related to clay diagenesis during which sorbed iron cations can be released and precipitate as magnetite [e.g., Jackson et al., 1988] . Another potential authigenic mechanism involves the oxidization of early diagenetic pyrite to magnetite. We argue that extracellular formation [e.g., Sparks et al., 1990] or aeolian delivery [e.g., Lanci and Kent, 2006] of SP magnetite is not a viable mechanism for the Zongpu carbonate rocks. These mechanisms for the origin of the SP-SSD magnetite, acting alone or in concert, can frequently change the magnetic mineralogy and NRM and result in remagnetization of a rock sequence. Our SEM observations and EDS analyses show no indication of primary detrital magnetite. Instead, we concluded that the observed subeuhedral-euhedral or framboidal magnetite grains are authigenic (Figure 8 ). Therefore, rock magnetic and petrographic investigations document and support the chemical remagnetization interpretation.
Previous paleomagnetic investigations of the Zongpu carbonate rocks in the Gamba area argued for a primary origin for the ChRM. This argument was based mainly on (1) positive fold tests, (2) positive reversal tests, (3) correlation of observed magnetic polarities to the GPTS, and (4) northward paleolatitudinal progress (inclination steepening) with decreasing rock age as expected from the northward drift of the Tibetan Himalaya in the early Paleogene [Patzelt et al., 1996; Yi et al., 2011] . Instead, our systematic reanalyses of the previously reported paleomagnetic results indicate a secondary origin for the remanence. So how can these contradicting interpretations be reconciled? To this end, we reevaluate the above arguments for a primary remanent magnetization. The positive fold test for the Zongpu carbonate rocks presented in Patzelt et al. [1996] was suggested by increased k values after tilt correction of a small data set. Our Figure 6 . (a) In-phase and quadrature susceptibility at 1.0 Hz, 5.6 Hz, 31.6 Hz, 177.9 Hz, and 997.3 Hz for sample 12ZP59, measured from 20 to 300 K. Strong frequency dependence over the whole temperature range indicates a broad size distribution of nanoparticles. (b) Expanded view of quadrature susceptibilities compared to the derivative of in-phase susceptibility with respect to ln(f). Consistency between them implies that quadrature susceptibility originates primarily in a thermal relaxation mechanism.
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reanalyses of a large number of ChRM directions reported by Yi et al. [2011] instead show that the k values for both Member I and Members II-IV decrease after tilt correction (Figures 2a and 2b) . The positive fold test from Yi et al. [2011] relies on the results from a comparable section in the Tukson area (~15 km southeast of the Gamba County). This fold test is reliable but can only provide a loose constraint on acquisition time of the interpreted ChRM directions because secondary remanence may well have been acquired before this phase of folding. Our negative fold test results (Figures 2a-2c ) demonstrate that these interpreted ChRM directions were acquired during or after local folding near Gamba County but before the regional folding within the Gamba and Tukson areas.
Considering the fast northward plate motion of Tibetan Himalaya during deposition of these rocks, one may question whether it is even meaningful to apply fold tests to either Member I or Members II-IV from a single section because differences in inclination are expected among these members. Given a maximum northward drift velocity of 180 mm/yr for India in the early Paleogene (placed in a paleomagnetic reference frame) [van Hinsbergen et al., 2011a] , the Tibetan Himalaya have moved~540 km in~3 Myr within the depositional time interval of Member I or Members II and III (Member IV has a depositional age of~56-52 Ma, but the numbers of isolated ChRM directions from this member are limited, so we combined the samples from this member with those from Members II and III). This distance implies that a primary paleomagnetic inclination will record a drift of around ±5°from the inclination of the mean ChRM directions of Member I or Members II-IV at lower latitudes. This change in inclination is, however, within the statistical uncertainty of the mean inclination (ΔI = 5.6°for Member I; ΔI = 4.6°for Members II-IV). Therefore, the negative fold tests cannot be explained by plate motion.
The positive reversal tests (Figure 2d ) from the Zongpu Formation are based on data from two short normal polarity zones determined from <10 samples [Yi et al., 2011] , which limits the statistical rigor of the test. Moreover, these normal polarity ChRM directions are very close to the present-day geomagnetic field (PDF) direction at the sampling locality in geographic coordinates ( Figure 2d ) and are suggestive of a recent overprint. If this interpretation is true, then this will make a correlation to GPTS meaningless. A few samples from the Jidula Formation below the Zongpu Formation also yielded similar normal polarity directions; they might record the same recent overprint as the specimens from Zongpu Formation, yielding normal polarity ( Figure S2 ).
A higher paleolatitude determined from Members II to IV than that determined from Member I of the Zongpu carbonate rocks has also been used to argue for a primary remanence in these rocks. A careful inspection of the mean ChRM directions from Member I and Members II-IV indicates that the mean ChRM directions of Members II-IV share a common true mean direction (CTMD) with that of Member I with the classification of "A" in geographic coordinates. After tilt correction, however, the mean inclination of Members II-IV is 10°steeper than that of Member I (Figures 2a and 2b) . This difference in inclination is indeed similar to the difference in the mean bedding dip between Member I and Members II-IV strata (Figures 2e and 2f) . Therefore, based on the above analyses, we argue that the apparent increase in inclination upsection is caused by applying a smaller bedding correction upsection to a uniform secondary remanent magnetization, which would coincidentally lead to an apparent northward paleolatitude shift. Therefore, the interpretation of a primary origin of the ChRMs isolated from the Zongpu carbonate rocks in previous studies is understandable, but inconclusive, and in the light of our new data, incorrect: the Zongpu carbonate rocks have been remagnetized.
Widespread remagnetization events are often interpreted to be linked to large-scale tectonic processes [e.g., Elmore et al., 2012] . Orogenic fluids can be pumped by tectonically induced overpressures, or gravity, and migrate along aquifers or tectonic surfaces. Previous studies have shown that remagnetization of the Linzizong Group from the southern Lhasa terrane is probably assisted by such orogenic fluid flow Figure 7 . (a-e) Low-temperature demagnetization measurements for representative carbonate specimens. The specimens were magnetized isothermally at 300 K in a 2.5 t field, then measured in zero field while cooling to 20 K and rewarming (for 12ZP230 only) to room temperature. A Verwey transition is not observed. The Morin transition (~225 K in these samples) indicates the minor presence of nanohematite in some specimens. (f-j) Thermal demagnetization of low-temperature remanence shows progressive unblocking of the nanophase ferrimagnets, with no indication of the Verwey transition. FC remanence (for 12ZP230 only) was imprinted by cooling in a 2.5 t field from 300 K to 20 K; ZFC remanence was imparted isothermally at 20 K by application and removal of a 2.5 t field (after zero-field cooling from 300 K). Both remanences were measured while warming in zero field. Figure S1 .
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10.1002/2016JB013662 [Huang et al., 2015a [Huang et al., , 2015b . Circulation of oxidizing orogenic fluids may also account for the remagnetization of the carbonate rocks of the Zongpu Formation. Estimating the timing of remagnetization by plotting the mean ChRM direction of the Zongpu limestones on the declination and inclination plots of the GAPWaP curve of India at the coordinates of the studied section is not viable because this approach would assume that the Tibetan Himalaya were a contiguous part of the Indian continent and that crustal shortening within Tibetan Himalaya was negligible when remagnetization occurred. Both of these assumptions are controversial but critical for reconstructing the India-Asia collision. Fold tests on the data from the specimens from the four members of the Zongpu carbonate show that the best grouping is reached at~25% untilting (Figure 2c ). With this value of untilting, a mean inclination of~36°can be estimated from these Zongpu specimens. This suggests that remagnetization occurred when the Zongpu carbonate rocks were located at a paleolatitude of~20°N, immediately adjacent to the north of the southern margin of the Lhasa terrane at~19°N during the early Paleogene [e.g., van Hinsbergen et al., 2012; Lippert et al., 2014; Hu et al., 2016] . Therefore, it is reasonable to conclude that the remagnetization should have occurred during the widespread deformation and fluid circulation within the Tibetan Himalaya soon after onset of India-Asia collision.
Implications for Reconstructing the India-Asia Collision
When orogenic fluids remagnetized the Zongpu carbonate rocks in the Gamba area, they could also have remagnetized the Zongshan carbonate rocks at lower stratigraphic levels. The fold tests of the ChRMs from the Zongshan Formation in Gamba and Duina [Patzelt et al., 1996] are inconclusive at best ( Figure S3 ). Thorough rock magnetic and petrographic work required to verify this interpretation is beyond the scope of this paper, but in the light of the remagnetization of the Zongpu carbonate rocks documented here and the common remagnetization of other carbonate rocks across the Tibetan Himalaya [e.g., Besse et al., 1984; Liebke et al., 2013; Huang et al., 2015c] , the likelihood of remagnetization of the Zongshan carbonate rocks may be high. We now explore the tectonic implications from a perspective that the Zongshan carbonate rocks are also remagnetized. If this is the case, then there are no robust latitude estimates for the latest Cretaceous and early Paleogene positions of the Tibetan Himalaya. Thus, accurately dating the collision between India and Asia by using overlapping paleolatitudes of the Lhasa terrane and Tibetan Himalaya [e.g., Dupont-Nivet et al., 2010; van Hinsbergen et al., 2012; Lippert et al., 2014; Yang et al., 2015; Hu et al., 2016] , as widely applied, is unreliable. This realization can explain why the initiation of the collision constrained by paleomagnetism is significantly younger than the age determined from sedimentary records [e.g., DeCelles et al., 2014; Orme et al., 2014; Hu et al., 2015 Hu et al., , 2016 Li et al., 2015] .
Remagnetization of the Zongpu and Zongshan strata also implies that previous estimates of the late Cretaceous and Paleogene dimensions of Greater India, ranging from 1500 ± 480 km to 1900 ± 570 km [Patzelt et al., 1996; Yi et al., 2011] , are no longer robust. Paleogene strata of the Sangdanlin section in southern Tibet record the earliest appearance of Asian-derived detritus deposited on top of the distal northern Indian margin at 59 ± 1 Ma DeCelles et al., 2014; Hu et al., 2015] . If we regard this age as the time of the initiation of the India-Asia collision , then the size of Greater India must have been even larger than previously proposed: plate kinematic reconstructions of India and Asia [van Hinsbergen et al., 2011a; Huang et al., 2015d ] require a size of Greater India with an N-S dimension of~3800 km if we use the shortening reconstruction of Asia of van Hinsbergen et al. [2011b] , or~3500 km if we use the paleomagnetic data from Lhasa, suggesting a~19°N Paleogene latitude [Dupont-Nivet et al., 2010; Lippert et al., 2014; Hu et al., 2016] . A corollary is that the paleolatitudinal separation of the Tibetan Himalaya between the Early Cretaceous and the Paleogene was some 1500 km more than previously estimated [van Hinsbergen et al., 2012] . This huge paleolatitudinal distance cannot be explained by counterclockwise rotation of India relative to Asia [Huang et al., 2015d] . Rather, Greater India might have grown by extension to a much larger extent than previously assumed.
A total N-S dimension of 3500-3800 km of Greater Indian lithosphere is more than three times larger than estimates of crustal shortening within the Himalaya reconstructed from balanced cross sections [DeCelles et al., 2002; Long et al., 2011] . With the collision age assumed at 59 ± 1 Ma, the total India-Asia convergence from west to east has been~3700-4600 km since collision began [van Hinsbergen et al., 2011a] ; the magnitude of lithospheric shortening within the upper plate over the same time interval has been on the order of 1500 km [e.g., van Hinsbergen et al., 2011b] . A 59 ± 1 Ma collision age interpreted within a plate-kinematic Journal of Geophysical Research: Solid Earth 10.1002/2016JB013662 framework makes the discrepancy between convergence and crustal shortening even larger than that highlighted by van Hinsbergen et al. [2012] . Thus, although our study at first sight appears to obviate the Greater India Basin hypothesis of van Hinsbergen et al. [2012] by demonstrating that the latest Cretaceous to early Paleogene latitudes from the Tibetan Himalaya used to estimate the size of the Greater India are spurious, it instead indicates that, if the sedimentary record of initiation of the collision is accurate, then the requirement for Greater India extension is made ever greater.
Conclusions
Paleomagnetic data from carbonate rocks of the Zongpu Formation in the Gamba area were previously interpreted as providing the only "reliable" estimate for the Paleogene paleolatitude of the Tibetan Himalaya, an estimate that is used widely for the tectonic reconstructions of the India-Asia collision zone. Here we test the reliability of these data with a detailed sampling of the same section as the original paleomagnetic data. Our thorough reanalysis of the reported paleomagnetic directions, comprehensive rock magnetic tests, and petrographic investigations lead us to conclude that the Zongpu Formation carries a synfolding or postfolding remanent magnetization. Hematite occurs in some specimens, but the dominant ferromagnetic mineral is magnetite, >70% of which is superparamagnetic at room temperature and does not contribute to the remanence. The co-occurrence and petrographic relationships of pyrite and nanophase magnetite provide strong evidence that the carbonate rocks of the Zongpu Formation in the Gamba area were chemically remagnetized, with growth of authigenic magnetite from oxidizing orogenic fluids a likely remagnetization mechanism. Because the Zongpu Formation carries a secondary magnetite remanence, a reliable estimate for the Paleogene latitude of the Tibetan Himalaya remains unresolved and the paleomagnetically determined size of Greater India at the time of collision and the India-Asia collision age remain undetermined. An initiation of the collision age of 59 ± 1 Ma indicated by sedimentary records, kinematic reconstructions of the Indian and Eurasian plates, and the latitudes of southern Tibet at the time of collision requires a Greater India promontory with an N-S dimension of~3500-3800 km in the early Paleocene. Compared to the Early Cretaceous paleolatitudes of the Tibetan Himalaya that show a Greater India extent of no more than a few hundred kilometers, the magnitude of late Cretaceous to Paleogene paleolatitudinal growth of India, necessarily by extension, might have been even larger than previously proposed.
